Josephson junctions made of closely-spaced conventional superconductors on the surface of 3D topological insulators have been proposed to host Andreev bound states (ABSs) which can include Majorana fermions. Here, we characterize the gate and temperature dependence of supercurrent carried by topological low energy ABSs in Nb/Bi2Se3/Nb Josephson junctions and dc SQUIDs incorporating them. As previously reported, we find a precipitous drop in the critical current at a critical value of the voltage applied to an electrostatic top gate. This drop has been attributed to a topological phase transition where the trivial 2DEG at the surface is nearly depleted, causing a shift in the spatial location and change in nature of the helical surface states. We present measurements that support this picture by revealing qualitative changes in the temperature and magnetic field dependence of the critical current across the phase transition. In particular, we observe pronounced fluctuations in the critical current near the transition that demonstrate the dynamical nature of the phase transition. When conventional superconducting leads form a lateral Josephson junction (JJ) on the surface of a TI, the constructive interference of electron and hole-like excitations forms Andreev bound states (ABSs) whose energy spectrum is sensitive to the relative phase difference φ between the superconducting leads. Proximityinduced supercurrent flowing through the TI segment of the junction is carried by these ABSs. Such junctions are proposed to be a platform to realize and manipulate Majorana bound states [2] which are zero energy ABSs at phase bias π. The Majorana modes can store and process quantum information nonlocally through their non-Abelian exchange statistics; thus, they are a key component in a fault-tolerant topological quantum computer [3] .
Josephson junctions made of closely-spaced conventional superconductors on the surface of 3D topological insulators have been proposed to host Andreev bound states (ABSs) which can include Majorana fermions. Here, we characterize the gate and temperature dependence of supercurrent carried by topological low energy ABSs in Nb/Bi2Se3/Nb Josephson junctions and dc SQUIDs incorporating them. As previously reported, we find a precipitous drop in the critical current at a critical value of the voltage applied to an electrostatic top gate. This drop has been attributed to a topological phase transition where the trivial 2DEG at the surface is nearly depleted, causing a shift in the spatial location and change in nature of the helical surface states. We present measurements that support this picture by revealing qualitative changes in the temperature and magnetic field dependence of the critical current across the phase transition. In particular, we observe pronounced fluctuations in the critical current near the transition that demonstrate the dynamical nature of the phase transition. Topological insulators (TIs) have robust conducting surface states protected by time reversal-symmetry [1] . When conventional superconducting leads form a lateral Josephson junction (JJ) on the surface of a TI, the constructive interference of electron and hole-like excitations forms Andreev bound states (ABSs) whose energy spectrum is sensitive to the relative phase difference φ between the superconducting leads. Proximityinduced supercurrent flowing through the TI segment of the junction is carried by these ABSs. Such junctions are proposed to be a platform to realize and manipulate Majorana bound states [2] which are zero energy ABSs at phase bias π. The Majorana modes can store and process quantum information nonlocally through their non-Abelian exchange statistics; thus, they are a key component in a fault-tolerant topological quantum computer [3] .
Motivated by the theoretical proposals in Ref [4] , several groups have experimentally demonstrated proximityinduced superconductivity in TIs such as Bi 2 Se 3 and Bi 2 Te 3 [5] [6] [7] [8] [9] [10] [11] [12] [13] . By changing the chemical potential in the TI with an electrostatic gate, the supercurrent can be tuned [6, [11] [12] [13] , suggesting that the supercurrent flows primarily through surface states rather than through the bulk [7] . Although the highly conducting bulk of common TIs might bring serious doubts in this regard, it was theoretically shown that the Andreev states in the bulk of TIs have higher energy than the Andreev states formed out of the surface states of TI, except at a critical doping level at which a topological phase transition changes the location and nature of the surface states [14] [15] [16] . Recently, a sharp drop in the supercurrent of a Nb/Bi 2 Se 3 /Nb junction at a specific value of gate voltage was reported and explained in terms of this phenomenon [13] .
In this paper, we present an experimental study of the supercurrents in devices made of Nb/Bi 2 Se 3 /Nb junctions that supports the topological phase transition model and maps out its dynamical behavior as a function of electrostatic gating, temperature, and magnetic field. It suggests complex changes in the distribution of the supercurrent as the junctions are gated that are important in understanding the transport and phasesensitive Josephson properties of hybrid superconductortopological insulator devices. By using quantum interference devices, we are able to extract information about the current-phase relationship of the individual junctions.
Our devices incorporate lateral JJs fabricated on top of the 3D topological insulator Bi 2 Se 3 . We exfoliate Cadoped Bi 2 Se 3 (Bi 1.9975 Ca 0.0025 Se 3 ) flakes onto doped Si substrates with a 300 nm thick oxide layer. Intercalation of Ca atoms reduces the high n-doping in as-grown Bi 2 Se 3 so that the bulk transport is suppressed, but likely not totally eliminated [17, 18] . After thin, large area, and flat pieces are identified with atomic force microscopy, we define the junction leads by e-beam lithography and lift-off of a dc sputtered film of 60 nm Nb following in situ Ar ion-milling of the sample surface.
An SEM image of one such device is shown in the inset of Fig. 1a . This uses a special SQUID configuration in which three closely-placed Nb leads (separated by approximately 100 nm) meet at a trijunction on the surface of an 86 nm thick exfoliated flake of a Bi 2 Se 3 crystal. Two of the superconducting leads are connected in a loop so that their relative phase difference can be tuned by applying an out-of-plane magnetic field. We measure the transport between a contact on the loop and the third superconducting lead. An electrostatic top gate is fabricated by covering the sample with a 33 nm Al via atomic layer deposition and then depositing a Ti/Au electrode. The samples are mounted on a copper cold finger that is bolted to the mixing chamber of a dilution refrigerator. Unless otherwise stated, all measurements were performed at 10 mK. Figure 1a shows the magnetic field modulation of the supercurrent at various gate voltages. It exhibits dc SQUID oscillations arising from the magnetic flux threading the loop, bounded by an envelope set by the interference pattern of the individual JJs. The third arm in the trijunction is in parallel with the loop and makes only a small modification in the shape of the modulation. There is a slight offset in the location of the maximum critical current at zero flux which we attribute to the residual field from our magnet. Fig. 1b shows the effect of the top gate bias V T G on the critical current I c and resistance R N . For the Bi 2 Se 3 crystals we use here, ARPES [17] and other transport measurements [18] show that the chemical potential resides in the conduction band near the bulk gap. The critical current is almost independent of V T G for a long range. We then observe a sharp drop in I c beyond a particular V T G of ∼ -18 V, giving way to a gentle decline. Over the same gating range, the resistance is virtually constant suggesting that the conductance is dominated by bulk transport whereas the majority of the supercurrent transport is through the surface states [11] .
We have observed similar behavior in a variety of topological Josephson devices including single junctions, dc SQUIDs, and other trijunction SQUIDs so we believe it to be intrinsic to the junctions and independent of the loop geometry. It is consistent with the supercurrent drop observed in JJs with thin film Bi 2 Se 3 barriers [13] . This sharp drop has been proposed to arise from a topological phase transition occurring at a critical value of the chemical potential, just prior to the depletion of the conventional 2DEG. At the transition, the ABSs in the 2DEG become gapless and the helical ABSs physically move from the bottom of the band-bended region to the top surface. This leads to a reduction in I c [13] due to a change in the transport properties of the topological surface states.
A striking feature of the gate dependence is that as we increase the negative gate bias and approach the topological phase transition, the critical current shows pronounced downward fluctuations; these largely disappear once the transition is passed. To study this, we measured the current at which the device switches into the finite voltage state in successive ramps of the bias current. We perform 1000 ramps at a rate of ∼ 0.1 Hz. In Fig. 2 , we show the distributions of these switching currents in a dc SQUID for four top-gate values. Far above and below the transition, the distributions are narrow with tails that indicate fluctuation-induced switches that become more frequent as the transition is approached. Near the transition, the distribution is very wide, essentially encompassing all possible values of switching current between the two extreme values of I c .
The switching distributions observed are also consistent with the topological phase transition picture and suggest that different regions of the junction switch at different values of the bias current. This inhomogeneous switching is mostly likely a result of charge noise, which leads to spatially and temporally random electric fields that can cause certain areas of the junction to switch from one state to the other, which we depict in Fig. 2f . The origin of this charge noise could either be fluctuators within the Al 2 O 3 dielectric [19, 20] or charged defects in the Bi 2 Se 3 crystals. Although we have not tried to make a comprehensive dynamical model for the I c , we would postulate that the local transitions are thermallyactivated and depend on the local gate voltage that is subject to the charge distribution. It is also likely that there are long-range interactions between regions induced by the extended ABSs; that is suggested by the number of large suppressions in the I c observed for gate voltages far above the gate voltage as which the time-averaged critical current drops, apparent is Fig. 1b . The resulting timevariation in I c as a function of gate voltage, temperature, and magnetic field ultimately depends on considering the local charge fluctuations and percolation physics.
As an example of this, we now turn to the effect of temperature and magnetic field on the supercurrent. The main panel of Fig. 3 shows I c vs. temperature T for various values of V T G . At zero gate bias, the I c drops rapidly with increasing temperature with an overall upward curvature. Such behavior had been previously interpreted as a signature of ballistic supercurrents in topological insulator JJs [7] . However, in our devices there is an abrupt change of slope in the V T G = 0 trace at ∼ 600 mK, suggesting a more complicated origin. As V T G is decreased, we deplete the 2DEG states in the Bi 2 Se 3 and the I c drops, saturating for V T G > −30 V. At this ex- treme, I c is almost unchanged for temperatures between 0 and 750 mK, then merges with the zero voltage curve at the temperature of the kink feature. This temperature dependence is consistent with the behavior of a diffusive SNS junction [7] . We see this behavior in almost all of our devices, such as in the inset of Figure 3a for a dc SQUID device in which the kink and merging of the curves is clearly seen. In the intermediate regime at gate voltages near V T G = -18 V, where the sudden drop of I c occurs, the critical current exhibits large variations with temperature as a result of the broad distribution in the critical switching current. For this gate voltage, as the temperature increases the width of the switching distribution narrows and the I c merges with the zero bias curve. In Figs. 3b-d we examine how the temperature dependence of the supercurrent evolves with magnetic field.
The field values correspond to the maximum I c of the lobes of magnetic diffraction envelope (shown with pink arrows in Fig. 1a ). For each field we plot two extreme regimes: at zero gate bias, where supercurrent is carried by multiple channels, and at V T G = -30 V, where the 2DEG is completely depleted. We find that at higher field the V T G = 0 curve mimics the diffusive behavior of the V T G = -30 V. Note that the converging temperature shrinks with magnetic field, suggesting that the topological phase transition is washed out when time-reversal symmetry is broken by having more than one flux quantum within each junction. This temperature behavior is consistent with the phase transition model used to explain the drop in the supercurrent [13] . In this model, both the topologically trivial 2DEG and non-trivial helical surface states can carry supercurrent. The key feature of the Andreev states formed in the 2DEG is that their energy depends on the position of the chemical potential [14] [15] [16] . The energy of these 2DEG ABSs is in general larger than the energy of the ABSs formed out of the helical surface states [13] . Thus, the 2DEG states at low temperature contribute only a minor amount of supercurrent, as evident from the insensitivity of I c to changes in V T G prior to the critical gate voltage. Instead, the 2DEG primarily serve to screen out disorder that might be deleterious to the topological surface states. At the topological phase transition, the energy of 2DEG ABSs becomes equal to the helical state ABSs and they provide the channel for the displacement of the helical ABSs to the surface. This changes the nature of topological insulator barrier in the junction by altering the transmission coefficient. The difference in the transport properties of the layer which accommodates the low energy ABSs is apparent in the temperature dependence of the supercurrent before and after the transition at low temperatures. In this model, the kink is then associated with the presence of two sets of ABSs, one formed out of the band bended region and one formed out of the helical surface states. Notice that these states can have different induced gap size and critical temperature as well as different transmission probability at the lids. The appearance of the kink is then the result of these two different set of states contributing to the supercurrent.
We return to the modulation of the I c with magnetic field, as shown in Figure 1a . This shows the rapid oscillations of the I c with a periodicity of one flux quantum threading the SQUID loop, bounded by the Fraunhoferlike single junction critical current modulation. Consistent with the results we have previously reported in junctions and dc SQUIDs [12] , this modulation exhibits two unusual features. One is the lifting of the nodes in both the single junction diffraction pattern and SQUID oscillations. The second is that although the peak critical current (anti-nodal current) is strongly suppressed by the application of a gate voltage, the critical current at the SQUID nodes is much proportionally less sensitive. The node in the diffraction pattern appears to be independent of top gate altogether. This is more easily seen in Fig. 4a which shows the SQUID oscillations of the trijunction device in greater detail. Gating of the junctions suppresses the anti-nodal current and we see the fluctuations in the I c for intermediate gate values near the topological phase transition. Note that I c remains finite at the nodes, where normally destructive interference would cause the supercurrent to vanish, with amplitude of 10% of the peak I c . There are many circumstances that can cause lifting of the nodes in dc SQUIDs. These include finite inductance of the SQUID loop for which the ratio of the I c at the node to the peak current is of order β = 2LI c /Φ 0 for small β, and asymmetry of the junction critical currents, for which this ratio of order α = (I c1 − I c2 )/(I c1 + I c2 ). For our devices, we estimate that β ∼ 10 −2 so the node-lifting from this mechanism should be negligible. Asymmetry is harder to rule out, but the suppression of nodal supercurrent at high temperature suggests that the junctions are well-matched [12] .
Another possible mechanism for node lifting in SQUID oscillations is skewness in the current-phase relation (CPR) of the JJs. Skewness can be characterized by a shift of the phase φ max at which the I c is a maximum away from φ = π/2, i.e. by the parameter s = (2φ max /π) − 1, and creates node-lifting in dc SQUIDS of order s in the ratio of the nodal supercurrent to the peak supercurrent. It arises naturally in JJs in which the supercurrent is carried by discrete ABSs with low energies that contribute skewed components to the CPR. Each mode in the transverse momentum q contributes a component to the supercurrent with functional form sin φ/ v 2 q 2 + ∆ 2 cos 2 (φ/2) where v is the Fermi velocity and ∆ is the superconducting energy gap. Small q modes produce highly skewed CPR components while large q modes contribute nearly perfect sinusoidal components.
Our simulations of the current-phase relation based on the spectrum presented in Ref. [4] suggests that a similar amount of node-lifting in the SQUID oscillations can be reproduced by summing over the contributions of various values of q. We show the resulting SQUID oscillations in Fig. 4b . Restricting the simulation to smaller q values leads to a reduction in modulation depth. Thus, the top gate appears to primarily suppress the high energy states. Indeed, in some SQUIDs we find that the nodal current is virtually independent of top gate, indicating that the low q states remain unchanged by the topological phase transition.
We note that none of these effects are capable of explaining the significant node-lifting in the Fraunhofer diffraction patterns as observed in the envelope of the SQUID oscillations of the trijunction. This would require either inhomogeneity in the critical current or invoking the presence of Majorana bound states [21] . Such nodelifting is further discussed elsewhere [12] .
In summary, we report on gated Josephson devices with Bi 2 Se 3 barriers in which the chemical potential can be tuned. We find evidence for a phase transition in the location of the topological low-energy ABSs that carry the majority of the supercurrent. Across the phase transition we find a qualitative change in both the temperature dependence and phase-sensitive signatures of the critical current. The work expands the current understanding of TIs coupling to superconductors by providing further evidence for a topological phase transition.
